Abstract Macrofauna samples were taken in May 1996-1998 at 28 stations on the Dogger Bank (central North Sea) to describe species composition, spatial distribution and trophic structure of the macrofaunal communities. In general, five communities could be distinguished depending on the influence of different water masses, depth, type of sediment and food availability. Except for those species which feed in the sediment, macrofauna communities did not show any correlation to the measured sediment variables. In fact, macrofauna communities of the Dogger Bank were mainly structured by lateral food supply via frontal systems. This was indicated by the dominance of interface feeders foraging in the benthic boundary layer, which are able to switch from surface deposit to suspension feeding depending on flow conditions. The importance of sandlickers in the shallowest parts of the Dogger Bank hints at an important contribution of benthic primary production to the nutritional and energetic needs of the benthic community.
Introduction
The North Sea is one of the most intensely studied marine environments of the world, but ecological aspects and interrelationships are still poorly understood. Little is known about the offshore areas of the central and northern North Sea, whereas coastal areas have been investigated very thoroughly. In May 1986 the macrofauna communities of the whole North Sea were studied synoptically by the IC-ES Benthos Ecology Working Group Künitzer et al. 1992) . According to the results of this North Sea Benthos Survey, the factors structuring species distributions and assemblages seemed to be temperature, the influence of different water masses (e.g. Atlantic water inflow), the type of sediment and the food supply to the benthos . The Dogger Bank proved to be a special region which separates the species and communities of the northern and southern North Sea.
Due to its importance for fisheries in former years, the Dogger Bank has been the subject of intensive investigations since the beginning of the twentieth century. First investigations were carried out by Davis (1923 , 1925 ) in 1921 -1924 . In 1950 -1954 the echinoderm, polychaete and bivalve fauna of the Dogger Bank area were investigated by Ursin (1960) , Kirkegaard (1969) , and Petersen and Høpner (1977) . At approximately the same time, Birkett sampled the western part of the Dogger Bank (cited in Kröncke 1991) . The investigations from the first half of the twentieth century concentrated especially on zoogeography and gave only limited information on ecological aspects of the communities as well as on the distribution of other taxonomic groups, e.g. amphipods, due to rather coarse sieves.
During April/May 1985-1987, Ursin's stations were partly revisited by Kröncke (1990 Kröncke ( , 1991 Kröncke ( , 1992 . The long-term comparison of the macrofauna communities on the Dogger Bank revealed an increase in opportunistic species and an eightfold increase in biomass. The extensive Spisula and Mactra patches described by Davis (1923 Davis ( , 1925 , and to a lesser extend by Petersen and Høpner (1977) and Birkett (cited in Kröncke 1991) , had disappeared. The observed changes were suggested to be the result of an increasing eutrophication and pollution of the central North Sea.
Within the framework of a renewed long-term comparison, the stations sampled in the 1980s (Kröncke 1992) were revisited in May 1996 May -1998 . The aim of this paper is to describe the spatial distribution, species composition and trophic structure of macrofaunal com-munities of the Dogger Bank in the late 1990s for the better understanding of the long-term changes found by Wieking and Kröncke (2001) .
Methods

Sampling design
Twenty-eight stations were selected on the Dogger Bank. The water depth ranged from 18 m at the shallow stations on top of the bank to 68 m in the deeper southern part and 47 m in the northern part (Fig. 1, Table 1 ). Macrofauna samples were taken in May 1996 May , 1997 May and 1998 with RV "Senckenberg". Two samples were taken at each station with a 0.2 m 2 van Veen grab, weighing 150 kg. Macrofauna grab samples were washed over 1 mm mesh size. The retained material was preserved in 4% buffered formalin.
For analysis of the fine fraction (<63 µm), organic carbon and nitrogen contents of sediments, samples were taken from an additional grab and frozen at −20°C.
Sample treatment
Macrofauna
In the laboratory, macrofauna samples were stained with Bengal Rose prior to sorting. The organisms were sorted, identified to the lowest possible taxon and counted. Species abundance data are standardized to a total per square metre at each site. The species number is given as total number for both samples (0.4 m 2 ).
Species composition, total abundance and species numbers of the different communities are given as mean numbers for May 1996-1998, as the ordination by multidimensional scaling (MDS) performed for the three years showed that communities remained similar throughout the years 1996-1998.
Statistical tests comparing the fauna and sediment parameters were performed with the data from May 1996 and, accordingly, sediment and trophic structure data are given as examples for this year. As recent investigations showed that sediment parameters did not show significant differences throughout the years, these are suggested to be representative.
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Sediments
Fine fraction (<63 µm) content. The fine fraction (<63 µm) content at each station was analysed using the "Analysette 22 Economy" laser particle sizer (Fritsch, Germany). Frozen sediment was freeze-dried. Samples were sieved with a 1,000 µm sieve to remove shell particles and macroalgae. An aliquot of each sample was placed in the laser particle sizer and automatically homogenized with a stirrer and by ultrasonication. Although this method provides the percentage of different grain size fractions, we only used the grain size fraction <63 µm (mud) for further statistical analysis.
Organic carbon and nitrogen contents and C/N ratio. According to Wirth and Wiesner (1988) , higher total organic carbon (TOC) of the total sediment (TOC tot ) is primarily related to the higher ratio of clay/silt to sand and, thus, to the hydrodynamic regime. In contrast, the increase in TOC content of the fine fraction (TOC <63µm ) arises from a local admixing of varying amounts of small sized organic-rich particles to an otherwise low and constant TOC background, probably as a response to direct planktonic inputs or temporary deposition of suspended matter. Therefore, TOC, total nitrogen (TN) and C/N ratio were analysed for the total sediment (TOC tot , TN tot and C/N tot ) as well as for the fine fraction <63 µm (TOC <63µm , TN <63µm and C/N <63µm ). The fraction <63 µm was separated by wet sieving over 63 µm mesh size to determine variables related to the fine fraction. Analyses of total sediment organic carbon and nitrogen were performed on freeze-dried samples that were powdered and homogenized.
For all sediment fractions an aliquot of 10-30 mg was combusted at 1,010°C in a Heraeus C/N analyser following acidification of the samples with concentrated HCl in a desiccator to remove inorganic carbonates.
Statistics
The PRIMER 5 (Plymouth routines in multivariate ecological research) software package was used for statistical analyses of faunal data. MDS analyses (Kruskal and Wish 1978) were performed. The data were transformed using double square roots. Similarities were calculated using the Bray-Curtis coefficient. Characteristic species which contribute most to the similarity of the station groups were identified using the SimPer (similarity percentage) tool.
The environmental data were analysed for subsets of abiotic variables whose multidimensional patterns corresponded best with those of the species data using the Bio-Env tool.
Canonical correspondence analysis (CCA) was performed with Canoco software (Microcomputer Power, Ithaca, N.Y.) . CCA was applied to evaluate correlations between environmental variables, species and variance in site patterns. The Monte Carlo permutation test was used to check the statistical validity of these associations.
The Kolmogorov-Smirnov test was applied to test which data were normally distributed. In the case of normal distribution we applied Pearson's product moment correlation to calculate the correlation between two variables. Otherwise, Spearman rank correlation was applied.
The spatial patterns were interpolated using the inverse distance weighted interpolator. 
Results
Sediment
Fine fraction content
The content of the fine fraction (<63 µm) was significantly correlated to water depth (Table 2, Fig. 2A ). The shallow and the eastern parts of the Dogger Bank showed the lowest values (station 38: 0.34%, station 45: 0.38%), and the mud content increased towards the deeper south-western sites. Fine fraction contents of the deeper southern stations were higher (station 32: 6.07%, station 51: 11.07% in the Outer Silver Pit) than those of the deeper northern stations (station 42: 1.97%).
TOC, TN and C/N of the total sediment
TOC tot , TN tot and C/N tot showed nearly the same spatial pattern as the fine fraction content, as they correlated positively with the fine fraction content (Table 2) . Values were lowest in the shallow and in the eastern parts of the Dogger Bank, and increased towards the deeper southwestern part (Fig. 2B) . TN tot values were very low and varied little, ranging between 0.02% and 0.04% (Table 2) .
TOC, TN and C/N of the fine fraction
The values measured for the fine fraction showed a much more variable spatial pattern. In general, highest TOC <63µm and TN <63µm contents were found in the eastern part of the Dogger Bank (Fig. 2C, Table 2 ), but the values decreased towards the deeper southern parts characterized by muddy fine sands, and towards the deeper central northern stations (42 and 21). Locally higher TOC <63µm contents were measured on top of the Dogger Bank (stations 34 and 38) and on station 54 in the western part. C/N <63µm ratio increased with depth ranging between 7 in the shallow and 10 in the deeper parts (Table 2) . However, there were some deviations from this pattern, such as station 36 on top of the Bank (C/N 9.2), and station 32 in the Outer Silver Pit (C/N 7.6).
Overall, two types of sediment could be distinguished for the Dogger Bank (Fig. 3) . Sediments of the Outer Silver Pit and the Oyster Ground (the southern stations) covered quite a narrow range of TOC <63µm (1.9-2.5%) of the entire fine fraction content between 2% and 13%. The sediments of the Dogger Bank and towards the central North Sea displayed higher TOC <63µm values (2.16-4.12%) at comparable fine fraction contents. 2 C/N ratios, total organic carbon (TOC) and nitrogen contents in total surface sediments (tot) as well as in the fine fraction (<63 µm) contents in May 1996. C/N ratios are raw data, TOC and TN contents (%) are rounded, -no sample 
Macrofauna
Note that in the figures some data are given exemplarily for May 1996 only, whereas the other data are given as means for the whole study period 1996-1998. MDS ordination plots for the different communities in May 1996-1998 are presented in Wieking and Kröncke (2001) .
Species number and macrofauna abundance
A total of 269 taxa was identified for the three cruises in May 1996-1998. Mean species number per year and station was 47 species/0.4 m 2 (Table 3 ). The maximum value (65 species/0.4 m 2 ) was reached at stations 40, 49 and 60 in May 1997. Generally, higher species numbers (more than 50 species/0.4 m 2 ) were found along the northern slope of the Dogger Bank (>30 m depth) and in the deeper south-western part. Species number was lower at the shallow stations on top of the Bank, and dropped to 17 species/0.4 m 2 at the shallowest station 47 on the South-West Patch. No correlation was found between species number and measured environmental variables.
Mean abundance per year and station was 1,225 ind/m 2 (Table 3) . Maximum abundance was found at station 6 (2,947 ind/m 2 ). Mean abundance was lower at the northern slope of the Dogger Bank, but minimum abundance was found again at station 47 (349 ind/m 2 ). For the rest of the investigated area, mean abundance ranged between 878 ind/m 2 and 2,370 ind/m 2 without obvious spatial trends. Generally, the lowest abundances were recorded in May 1996, which has already been discussed by Wieking and Kröncke (2001) in relation to the extraordinary cold winter of 1995/1996. Total abundance was correlated positively to TOC <63µm .
Macrofauna communities
In the area of investigation we separated five groups of stations by means of non-metric MDS and CCA (Figs. 4, 5) . In general, the macrobenthic fauna on top of the Dogger Bank (Bank community, South-West Patch community) was different from the fauna of the surrounding deeper areas (Southern and Western Amphiura communities, North-eastern community) (Fig. 5 , Table 4 ). According to the Bio-Env procedure, a combination of depth, TOC tot , TN tot (ρ=0.636) and depth, fine fraction (<63 µm), TN tot (ρ=0.633) best matches the ordination of the macrofaunal abundance data, which is also reflected in the CCA triplot. The addition of further factors does not increase the fit of the multivariate data. In the fol- (Table 4) . Concerning the trophic structure, in particular the numbers and abundances of interface-feeding polychaetes were lower in the South-West Patch community compared to the Bank community (Fig. 6) . In contrast, sandlickers dominated the community throughout the three years. The comparatively high contribution of predators was due to the occurrence of the small predatory polychaete, N. cirrosa.
North-eastern community. Along the northern slope and towards the north-eastern part of the Dogger Bank, stations were inhabited by a transitional community and the fauna also changed with depth (Figs. 4, 5) . The fauna of shallower stations close to the bank (mainly stations 21 and 43) was still rather similar to the Bank fauna [Spiophanes bombyx (125 ind/m 2 ), Bathyporeia elegans (114 ind/m 2 ) and Polinices pulchellus (15 ind/m 2 )], but in addition Cerianthus lloydii (62 ind/m 2 ) and Echinocyamus pusillus (20 ind/m 2 ) occurred at high abundances (Table 4 ). The deepest northern stations (mainly stations 8, 9, 20, 42) were characterized by higher abundances of Amphiura filiformis (14 ind/m 2 ), Abra prismatica (26 ind/m 2 ) and Scoloplos armiger (59 ind/m 2 ). Generally, hardly any dominance of species was found in the northeastern part, but many species contributed similarly to the total abundance. Among these were several rare species known from the northern North Sea such as Aricidea cerrutii and A. simonae, as well as species preferring coarser sediments, such as Ophiura affinis and Pisione remota.
The latter findings were also reflected in a comparatively high structural and functional diversity (Fig. 6) . Nonetheless, some feeding types, such as hyperbenthos predators (Cerianthus lloydii, C. nutans) and sandlickers (Echinocyamus pusillus), showed locally high abundances.
Southern Amphiura filiformis community. Towards the southern stations in water depths >35 m, the Bank community changed and was finally dominated by Amphiura filiformis (640 ind/m 2 ). These changes were correlated to an increase in the fine fraction (<63 µm) content. Pholoe baltica (66 ind/m 2 ), Mysella bidentata (127 ind/m 2 ) and Nucula nitidosa (61 ind/m 2 ) were also important parts of the fauna present in this area (Table 4) .
Despite the significant change in faunal composition, this community was also dominated by interface-feeding species [Amphiura filiformis and, locally, Spiophanes bombyx (300 ind/m 2 )]. Subsurface deposit feeders (e.g. 40 nated by interface-feeding species, such as the polychaetes and A. brachiata, contributing up to 60% to the total abundance (Fig. 6) . The second most important group comprised sandlicking amphipods and cumaceans. The most important predator of the Bank community was the naticid gastropod, Polinices pulchellus (39 ind/m 2 ). Amphictene auricoma, Lagis koreni, Nucula nitidosa), the second most important feeding type, as well as surface deposit feeders (Diplocirrus glaucus, Abra alba) appeared in highest abundances in this community (Fig. 7B, D) . Suspension feeders were mainly represented by the bivalve Mysella bidentata, a commensal of Amphiura filiformis.
Western Amphiura filiformis community. Although similar in abundance of the dominant species Amphiura filiformis (376 ind/m 2 ), Pholoe baltica (33 ind/m 2 ), Spiophanes bombyx (109 ind/m 2 ) and Mysella bidentata (36 ind/m 2 ), the remaining associated fauna of the Amphiura community changed in the Outer Silver Pit and towards the deeper western parts (Table 4) . In this area the number of species typical for the northern North Sea [e.g. Nuculoma tenuis (21 ind/m 2 ), Lucinoma borealis (8 ind/m 2 ), Amparete falcata (33 ind/m 2 )] was higher than in the southern part of the Amphiura community. Especially at station 51, up to ten individuals of different large and long-lived species were found in both grabs (e.g. Acanthocardia echinata, Priapulus caudatum, Brissopsis lyrifera, Pectinaria belgica, Leptosynapta inhaerens and Glycera spp.).
Due to the occurrence of spatial and temporal variable sand banks and ripples (the Hills) the morphological heterogeneity was high in this area (Fig. 1) . Therefore, spatial variability can hardly be separated from temporal variability throughout the period of investigation. Generally, the fauna of the deep stations with lower mud contents (Western transitional, mainly stations 54 and 56) differed from those with higher mud contents (Western Amphiura community, mainly stations 51, 58, 60). Western transitional stations showed a somewhat different faunal composition similar to the North-eastern community with Amphiura filiformis (102 ind/m 2 ) and Bathyporeia elegans (85 ind/m 2 ) as well as locally high abundances of Ophelia borealis (58 ind/m 2 ) and Echinocyamus pusillus (199 ind/m 2 ).
The trophic structure was as variable as the faunal composition. Due to the occurrence of Amphiura filiformis and Spiophanes bombyx, most stations were dominated by interface-feeding species. Sandlickers, represented by Bathyporeia elegans and Echinocyamus pusillus, were the dominant feeding types at the stations inhabited by the transitional community. Hyperbenthos predators such as Corymorpha nutans and Cerianthus lloydii occurred in varying numbers at both types of station.
Correlations between feeding types and environmental variables
Due to the high species numbers, and since the correlation of single species to the measured environmental variables was weak (Fig. 8) , we correlated functional groups with environmental variables. Among the different feeding types only those species that forage in the sediment (sandlickers and subsurface deposit feeders) showed significant correlations with the measured environmental variables (Table 5 ). The abundance of sandlickers was negatively correlated with the fine fraction (<63 µm), TOC tot , and C/N tot , whereas their species number was correlated negatively with TOC tot, and positively with TOC <63µm .
Species numbers of subsurface deposit feeders were positively correlated with water depth and C/N <63µm of the fine fraction, and negatively with TOC <63µm and N <63µm . The abundance of subsurface deposit feeders was only correlated to water depth (positively). The stations on top of the Dogger Bank were inhabited by a Bathyporeia-Fabulina community. Towards the southern slope, the abundance of Fabulina fabula, Amphiura brachiata and tube-building polychaetes such as Spiophanes bombyx and Owenia fusiformis increased.
The dominance of eurytherm cosmopolitan and temperate species such as Spiophanes bombyx and Bathyporeia elegans reflects the comparatively large seasonal variations in temperature in a shallow area such as the Dogger Bank (Künitzer 1990 ). However, high summer temperatures in connection with moderate winter temperatures (Otto et al. 1990 ) support the presence of southern species from warm temperate areas reaching the Dogger Bank via the English Channel (e.g. Megaluropus agilis, Amphiura brachiata, Donax vittatus, Synchelidium maculatum) . Several species of this zoogeographical group actually increased in abundance and spread across the Dogger Bank as a result of temperature increase since the late 1980s (Wieking and Kröncke 2001) .
The shallow part of the Dogger Bank is a highly dynamic area where periods of tidal resuspension and sedimentation alternate, but no net deposition occurs (von Haugwitz and Wong 1988; Puls 1987) . As a result there is only minor accumulation of organic matter in the sediment (low TOC tot ) and even in the surface layer, as measured by Stoeck and Kröncke (2001) . There is no detailed information on sedimentation and resuspension on the Dogger Bank, but investigations on a sandy site in the southern North Sea inhabited by similar communities revealed that tidal resuspension potential is governed by the supply of benthic fluff . Supply of fluff was greatest in May after phytoplankton blooms, but was still significant in January. The occurrence of thermal fronts might additionally support locally higher food supply to the benthos in the benthic boundary layer in several areas of the shallow part of the bank (Fig. 9) in Table 5 Correlations between sediment and macrofauna; SL sandlickers, SSD subsurface deposit feeders; *P<0.05, **P<0.01 Otto et al. 1990) polychaetes at the deeper sites of the Bank community. Similar observations were made by Oliver et al. (1980) at a shallow sublittoral area at the Pacific coast off California. An additional hint for higher sediment mobility is the dominance of Amphiura brachiata in the Bank community. This buries deeper in the sediment than Amphiura filiformis, which is the dominant species of the deeper regions where sediment disturbance is less effective. Even greater effects of hydrodynamic stress can be found at the South-West Patch sites. This shallow area on top of the Dogger Bank is strongly influenced by bottom stress and sediment disturbance during storm events (von Haugwitz and Wong 1988) . The authors showed that during a north-westerly storm at a station on the South-West Patch, horizontal current speeds at 10 m depth exceeded 45 cm/s for almost a day. Even the normal periodic tidal current became unidirectional. Frequent resuspension of bed sediment will erode organisms, inhibit larval settlement and damage the appendages of species feeding at the sediment-water interface (Dauwe et al. 1998 ). This strong environmental stress results in low abundance and a macrofauna community with low diversity, consisting of an adapted fauna such as the mobile amphipod Bathyporeia and the filter-feeding bivalve Donax vittatus, which is highly adapted to sediment mobility (Dörjes 1979; Ansell 1983 ).
North-eastern transitional community
The community in the northern and north-eastern part of the Dogger Bank (north-eastern community) was a transitional community similar to the Bathyporeia-Fabulina association on top of the Bank as well as to the Amphiura association described for the central North Sea by Duineveld et al. (1987) and Künitzer (1990) . Amphiura filiformis appeared only at the deepest northern stations. In this community we found the highest species numbers, lowest total abundances and, consequently, highest diversity. On the other hand, it was characterized by higher numbers of rather rare northern species and species preferring coarser sediments (Wieking and Kröncke 2001) . The occurrence of northern species reflects the influence of northern water masses and lower bottom temperatures on the species composition of this area.
The presence of species preferring coarser sediment indicates differences in the hydrodynamic conditions, and consequently in the food supply to the benthos, since sediment composition reflects the hydrodynamic regime in the benthic boundary layer. Moreover, passive penetration of organic matter into the sediment and, thus, food supply is strongly influenced by sediment composition (Huettel and Rusch 2000) . For the north-eastern part of the Dogger Bank, only little and highly variable local sedimentation of refractory fine material of mainly biological origin occurred, reflected by the low TOC tot content (generally below 0.1%) and the high TOC <63µm content (up to 3.5%) and C/N <63µm ratio (7.5-9). At the cen-43 addition to winter primary production. This is confirmed by the locally higher TOC <63µm content of the fine fraction as well as the low C/N ratios of TOC, indicating high quality of organic matter in the sediment. This input of little, but fresh, organic material in the shallow parts of the bank was also shown by Stoeck and Kröncke (2001) and Wieking (2002) , using phytopigments as a marker for fresh organic material. This situation favours those species which feed in the benthic boundary layer, and especially those which are able to switch from surface deposit to suspension feeding. Indeed, interface feeding was the most important feeding type in the Bank community. The high quality of organic mater on top of the Dogger Bank was also reflected in the high quality of food in the gut of the surface-deposit-feeding sea urchin Echinocardium cordatum (Wieking and Kröncke 2002) .
Sandlickers (such as Bathyporeia spp) were the second most important feeding type of the communities on top of the bank and even dominated the South-West Patch community (stations 45 and 47). The importance of species relying on the sediment as a food resource seems to contradict the finding of low amounts of food (as indicated by the low TOC tot ) in the sediments of the bank. But as already emphasized by Cammen (1982) , "it would be difficult, if not useless, to attempt to assess nutritional quality of the sediment with bulk sediment analyses" for organisms that feed selectively on sediment and ingest only a limited range of particle sizes. Sandlicking species are highly selective deposit feeders. Bathyporeia spp. and cumaceans such as Iphinoe trispinosa are described as cleaning their food of sand grains. Sundbäck and Persson (1981) and Herman et al. (2000) showed that Bathyporeia pilosa, from coastal waters, feeds mainly on benthic diatoms. Taking the high abundances of amphipods into consideration, benthic primary production of small diatoms growing on sand grains seems to be an important food source in a shallow area with considerable light penetration, such as the Dogger Bank, as described for other shallow areas (Nelson et al. 1999; Cahoon et al. 1993) .
At the exposed South-West Patch, the availability of rare and mainly small prey organisms is reflected in the presence of the small predatory polychaete Nephtys cirrosa, which replaces the bigger Nephtys hombergii and N. assimilis living in the other areas of the Dogger Bank. Gut contents of N. cirrosa from the South-West Patch stations consisted of up to 50% of juvenile N. cirrosa as well as small spionids, nematodes and harpacticoids (personal observations). This cannibalistic behaviour hints at a strong food limitation for this predatory polychaete, as well as the total community.
High abundance of mobile amphipods as well as tubebuilding polychaetes can be interpreted as an adaptation to sediment disturbances, such as mobilization of bed sediment during storms. The importance and frequency of sediment disturbance decreases with increasing depth (Hall 1994) , which was reflected in an obvious change in species composition from mobile species at the more shallow sites towards a higher number of tube-building tral northern stations 21 and 42, both TOC parameters showed low values.
Macrofauna trophic structure indicated that the Northeastern community along the northern slope was influenced by low food quantities and quality (especially in the deeper parts) in the sediment as well as in the benthic boundary layer. Predators, hyperbenthos predators and symbiotic deposit feeders contributed to a high functional diversity along the northern slope, which is characteristic for communities in more refractory environments (Rosenberg et al. 1996; Dauwe et al. 1998) . Subsurface deposit feeders (e.g. Pectinaria spp., Ampharete falcata, Paraonidae) and sandlickers such as Echinocyamus pusillus are highly selective, reflecting the low amount of food in the sediment (Taghon 1981 (Taghon , 1982 . Low abundances of interface-feeding species indicate lower food quantity in the benthic boundary layer (Dauwe et al. 1998 ). Predatory behaviour is a possible mechanism to satisfy nutritional needs in refractory sediments (Dauwe et al. 1998) . Consequently, the importance of hyperbenthos predators which fulfil their nutritional needs by predation in the water column or in the sediment might reflect nitrogen deficiencies in the pelagic-benthic coupling. Macrofauna abundances in the North-eastern community decreased towards the deeper northern stations and were correlated with TOC <63µm , which may indicate increasing food limitation of the macrobenthic community down the northern slope of the Dogger Bank.
Feeding modes, as well as sediment structure, reflect that the North-eastern community is heavily influenced by hydrodynamics. It is located in an area between the well-mixed water masses on top of the bank and the seasonally stratified water masses north of the bank. Where stratification occurs, the vertical exchange across the thermocline is considerably reduced (Otto et al. 1990) , and consequently food quality can change substantially with developing stratification.
However, our data do not indicate any influence of subsurface phytoplankton production (up to 700 mg C/m 2 per day) as measured by Nielsen et al. (1993) , which should result in additional food supply for the benthos. Stoeck and Kröncke (2001) have already suggested that microbial benthic communities do not benefit from the high primary production of the frontal system along the northern slope of the Dogger Bank (Bo Pedersen 1994; Riegmann et al. 1990; Nielsen et al. 1993; Richardson et al. 1998) due to strong hydrodynamic conditions. High current velocities in the north-eastern part of the Dogger Bank (Siegismund and Schrum 2001) , in addition to a seasonal jet (Brown et al. 1999) , limit the accumulation of particulate organic material in the sediment. In addition, Klein et al. (1999) showed that during storms fine sediment is mobilized up to 60 m depth at the northern slope of the Dogger Bank.
A model by Bo Pedersen (1994) described the northward transport of nutrient-rich deep water in the thermocline, which means that organic matter originating from the subsurface phytoplankton bloom might also be transported towards the central North Sea. Finally, the observed differences in the pelagic food web structure of the frontal system north of the Dogger Bank, compared with the surrounding waters (Richardson et al. 1998) , showed that a significant part of the additional primary production is consumed in the pelagic system. As a consequence, the benthic system receives mainly refractory material, e.g. faecal pellets.
The deeper parts (Southern and Western Amphiura communities)
The southern and western Amphiura communities were similar as to the dominant species, but differed in the occurrence of species from the northern North Sea.
Species typical of cold temperate and Arctic boreal areas occurred mainly in the deeper part southwest of the Dogger Bank, reflecting the inflow of water masses from the north. A few species from warm temperate areas (Lumbrineris spp.) also occurred in these areas, possibly as a result of constant rather than high temperatures.
High fine fraction (<63 µm) (up to 13%) and TOC tot (up to 0.45%) contents reflected sedimentation and accumulation of organic matter (Wirth and Wiesner 1988) in the south-western part of the Dogger Bank, but TOC <63µm contents were low (1.9-2.8%) and C/N ratios high, indicating higher amounts of refractory organic matter.
The communities in the deeper south-western part of the Dogger Bank were (similarly to the Bank community) dominated by interface-feeding species foraging in the benthic boundary layer. The dominant species in the south-western part was Amphiura filiformis, an interface feeder ingesting both deposited and suspended food items, especially macro-flocs (Loo et al. 1996) . The highest abundances of this species were also found in frontal areas such as the Skagerrak (Rosenberg 1995) and south of the Dogger Bank (Duineveld et al. 1987) .
Thus, the extraordinarily high abundances of A. filiformis reveal that the communities of the deeper southern parts of the Dogger Bank were strongly dependent of lateral food supply provided by the Flamborough/Frisian frontal system, where favourable conditions for localized high primary production are generated (Fig. 9) . This tidal front system is more stable than the northern bottom front (Otto et al. 1990; Hill et al. 1994) . However, the nutritional value and composition of particulate organic matter produced in this area is altered during the transport through the water column as well as being diluted by mixing with large quantities of resuspended refractory material and inorganic particles at deeper water depths Witbaard et al. 2001) . Consequently, the material in the benthic boundary layer at these stations will be partly refractory and of intermediate quality (Puls 1987; Dauwe et al. 1998; Witbaard et al. 2001 ). This was confirmed by lower growth rates of the sea urchin Echinocardium cordatum in connection with lower food quality found in the sea urchin gut contents in this part of the Dogger Bank (Wieking and Kröncke 2002) .
Conclusions
According to the multivariate analysis, depth and sediment variables can explain part of the variability in species composition of the different macrofauna communities of the Dogger Bank, whereas sediment variables alone correlated only with a limited number of feeding types. Our detailed analysis of the different communities revealed that none of the measured variables per se is responsible for the observed differences among the macrofauna communities.
In the North Sea macrofauna, distribution and species composition often coincide with specific depth contours, indicating differences in temperature and temperature variability . However, although northern species occurred preferentially in the Northeastern community, all communities on the Dogger Bank were dominated by eurytherm temperate and cosmopolitan species. Consequently, differences in temperature were not the main factor causing the occurrence of different macrobenthic communities on the Dogger Bank. Moreover, lower temperatures at the northern slope are the effect of thermal stratification during summer, which in turn strongly influences the quality and quantity of food supply to the benthos.
Sediment variables only reflect the hydrodynamic conditions and thus, to some extent, food availability (Snelgrove and Butman 1994) . During our large-scale investigations, food supply was only measured by means of TOC and TN, which are poor indicators for bioavailable organic matter and organic matter quality Duineveld 1996, 1998; Dauwe et al. 1998) . Bulk measurements of TOC and TN in sediments more often reflect refractory material which may be of little value for macrofauna (Rice 1982; Josefson and Conley 1997) . Sediment bulk measures do not indicate differences in food availability for those species feeding selectively on a limited range of particles (Cammen 1982) .
However, significant differences in the trophic structure of the communities suggest that the main factors causing the differences among the communities of the Dogger Bank were the availability, quantity and quality of food in the benthic boundary layer which, in turn, are partly dependent of frontal systems such as the Flamborough/Frisian frontal system. The importance of sandlickers in the shallowest parts of the Dogger Bank hints at a considerable contribution of benthic primary production to the nutritional and energetic needs of the benthic community on top of the bank.
Our results show that macrofaunal community structure and function are able to document and reflect pelago-benthic coupling in relation to hydrodynamics, since macrofauna integrates environmental conditions over longer time periods.
